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ABSTRACT 


The  influence  of  microstructure  upon  fracture  mode  and  relative 
fragmentation  performance  of  steel  test  cylinders  was  assessed  fracto- 
graphically  by  scanning  electron  microscopy.  For  the  compositions  used 
in  this  study,  a  microstructural  constituent  which  provides  a  path  for 
brittle  fracture  under  dynamic  conditions  appears  to  be  a  necessity 
for  enhanced  fragmentation. 
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INTRODUCTION 


This  report  describes  results  of  an  initial  attempt  to  correlate 
the  fragmentation  characteristics  of  two  silicon-manganese  steels  with 
their  fracture  morphology  using  the  scanning  electron  microscope  (SEM) . 

It  is  generally  conceded  that  the  strength  and  relative  ductility 
or  brittleness  of  steels,  as  determined  by  conventional  tensile  and 
impact  tests,  are  unreliable  indicators  of  their  fragmentation  behavior 
under  explosive  loading.  It  appears,  perhaps,  that  response  to  explo¬ 
sive  fragmentation  is  structure-sensitive  to  such  a  degree  that  this 
effect  partially  overrides  strength  and  ductility  factors,  thereby 
preventing  any  direct  and  consistent  correlation  between  fragmentation 
behavior  and  mechanical  properties . 

A  study  was  conducted  by  Bardes-*-  in  1969  relating  the  microstruc¬ 
tures  of  two  silicon-manganese  steels  to  their  fragmentation  behavior. 
Conventional  metallographic  techniques  were  used  to  delineate  crack 
paths  and  to  identify  microstructural  features  in  recovered  fragments. 
Fracture  modes  and  crack  nucleation  sites  were  inferred  from  the  obser¬ 
vations;  however,  microscopic  examination  of  the  fracture  surfaces  was 
not  attempted. 

Fragments  recovered  from  explosively  fragmented  steel  frequently 
exhibit  extremely  jagged  fracture  surfaces.  Their  topography  is  beyond 
the  depth-of-field  of  optical  microscopic  equipment  at  other  than  very 
low  magnifications  but,  in  most  instances,  is  well  within  the  capability 
of  the  SEM  over  its  range  of  useful  magnifications  (20X  to  10,000X). 

The  direct  identification  of  microscopic  fracture  modes  using  the 
SEM  should  permit  a  more  complete  and  less  ambiguous  analysis  of  the 
fracture  process  than  do  the  limited  fractographic  and  indirect  metallo¬ 
graphic  optical  methods. 

The  SEM  study  described  in  the  present  report  was  undertaken  to 
extend  Bardes'  concept  of  correlating  fragmentation  behavior  with 
microstructure  and  fracture  mode.  The  details  of  fracture  morphology 
discernible  by  SEM  techniques  will  hopefully  provide  a  means  for 
establishing  a  distinct  relationship  between  various  microstructural 
elements  and  their  influence  on  the  fragmentation  of  steei .  The  estab¬ 
lishment  of  such  a  relationship  could  ultimately  provide  a  basis  for 
selection  of  steels  for  use  in  naturally  fragmenting  munitions. 


*B.P.  Bardes,  "Mechanism  of  Fragmentation  of  Silico-Manganese  Steels," 
Frankford  Arsenal  Report  R-1918,  March  1969. 


MATERIALS  AND  EXPERIMENTAL  PROCEDURE 


The  materials  used  in  this  work  were  fragments  from  two  steels 
whose  fragmentation  behavior  had  been  characterized  previously  at 
Frankford  Arsenal.  The  steels  were  basically  silicon-manganese  steels 
-  one,  a  hypoeutectoid  and  the  other,  a  hypereutectoid  composition. 

The  former,  designated  as  XF-1,  contained  0.51%  C,  1.63%  Mn,  and 
0.81%  Si.  The  latter,  designated  as  HF-1,  contained  1.10%  C,  1.79%  Mn, 
and  0.82%  Si.  Cylinders  were  fabricated  from  the  two  steels,  heat- 
treated  to  provide  a  variety  of  microstructures,  and  fragmented  using 
composition  B  explosive.  Fragments  were  recovered  by  a  water  recovery 
method  and  separated  into  weight  groups  by  standard  screening  techniques . 

The  present  fractographic  study  was  performed  using  SEM  exclusively. 
It  was  limited  in  scope  to  examinations  of  fragments  from  cylinders  of 
each  composition  which  had  demonstrated  the  best,  an  intermediate,  and 
the  worst  fragmentation  performance  as  judged  by  fragment  count. 

The  microstructures  of  the  HF-1  cylinders  with  the  best  and  worst 
fragmentation  ratings  xrere  quite  different.  Since  a  number  of  the  HF-1 
cylinders  could  be  categorized  as  having  an  intermediate  fragmentation 
rating,  one  with  a  microstructure  dissimilar  to  those  ranked  best  and 
worst  was  selected  for  SEM  examination, to  provide  more  information  on 
the  effect  of  structure  on  fracture  mode. 

The  XF-1  cylinders  with  the  best  and  worst  fragmentation  ratings, 
however,  had  a  similarity  in  their  microstructure.  Although  their  matrix 
constituents  were  different,  both  possessed  ferrite  grain  boundary  net¬ 
works.  Because  of  this,  the  sample  of  XF-1  chosen  to  represent  inter¬ 
mediate  fragmentation  behavior  in  the  SEM  study,  was  one  which  also 
exhibited  a  ferrite  grain  boundary  network.  It  was  anticipated  that 
the  fracture  modes  for  cylinders  with  this  hypoeutectoid  composition 
would  be  attributable  to  the  unlike  matrix  microstructures  associated 
with  the  three  ratings. 

In  each  instance,  representative  fragments  were  chosen  from  size 
groups  having  average  masses  between  2  and  4  grains.  These  were  of  a 
convenient  size  for  examining  for  macroscopic  fracture  morphology  and 
could  be  mounted  in  multiples  for  SEM  examination. 

Three  fracture  surfaces  of  each  fragment  were  examined  wherever 
possible.  A  schematic  illustrating  the  fracture  surfaces  is  shown  in 
Figure  1.  The  figure  is  intended  to  be  descriptive  only  and  does  not 
necessarily  depict  a  typically  shaped  fragment.  The  surface,  radially 

^B.P.  Bardes, "Mechanism  of  Fragmentation  of  Silico-Manganese  Steels," 
Frankford  Arsenal  Report  R-1918,  March  1969. 


directed  with  respect  to  the  cylinder  axis,  is  labeled  r.s.;  the  surface 
which  is  inclined  at  an  angle  of  approximately  45°  to  the  inner  surface 
is  essentially  a  shear  surface  and  is  labeled  s.s.;  and  the  surface  which 
is  normal  to  the  cylinder  axis  is  labeled  a.s.  Some  of  the  fragments 
examined  exhibited  all  three  surfaces.  In  many  instances,  however, 
radial  surfaces  were  absent  and  axial  surfaces  were  ill-defined. 


Figure  1.  Schematic  Illustrating  Various  Surfaces  of  a  Fragment 

A  schematic  illustrating  various  fracture  modes  often  observed  in 
fractographic  studies  is  shown  in  Figure  2.  They  are  introduced  here 
to  provide  a  basis  for  the  discussion  on  the  fractographs  which  will  be 
presented  for  XF-1  and  HF-1. 

Intergranular  separation  (upper  left)  refers  to  the  separation  of 
a  grain  boundary  constituent  from  the  matrix.  This  is  considered  to  be 
a  relatively  brittle  fracture  mode.  Another  brittle  fracture  mode  is 
trar.sgranular  cleavage  (upper  right) ,  in  which  fracture  occurs  along 
certain  "cleavage  planes"  within  a  grain.  The  fracture  surface  exhibited 
by  this  fracture  mode  consists  of  relatively  flat  areas  whose  size  corre¬ 
sponds  to  the  grain  size  of  the  material,  and  is  characterized  by  "river 
patterns"  which  are  related  to  the  direction  of  crack  propagation. 


The  dimpled  modes  of  fracture,  shown  in  the  lower  section  of  the 
figure,  are  generally  described  as  ductile  modes.  They  absorb  much  more 
energy  than  the  separation  or  cleavage  modes.  The  intergranular  dimpled 
mode  (lower  left)  results  from  the  ductile  rupture  of  the  grain  boundary 
constituent.  The  transgranular  dimpled  mode  also  occurs  by  a  ductile 
process  but  is  unaffected  by  grain  boundaries.  It  is  usually  associated 
with  precipitates,  inclusions,  or  regions  of  severe  plastic  flow. 


RESULTS 

SEM  of  XF-1  Steel 


The  microstructure,  hardness,  and  fragmentation  performance  of 
three  selected  conditions  of  XF-1  examined  in  this  study  are  indicated 
in  Table  I.  The  fragmentation  performance  is  shown  as  These  values 

were  determined  by  Bardes1  using  Mott  plot  analysis.  Higher  values  of 
are  generally  considered  to  indicate  better  fragmentation  perform¬ 
ance.  The  results  of  the  fractographic  studies  on  the  three  conditions 
are  described  below.  In  each  of  the  fractographs  shown,  the  outer  sur¬ 
face  of  the  cylinder  from  which  the  fragment  came  would  be  toward  the 
right . 


Table  I. 

Fragmentation  Performance  of  Selected  XF-i  Steel  Cylinders 
With  Selected  Microstructures 

Structure  Hardness 

Large  grained  ferrite 
network  and  coarse 

pearlite  matrix  Rc  20  393 

Ferrite  network  and 
moderately  tempered 

martensite  matrix  Rc  37  217 

Ferrite  network  and 

fine  pearlite  matrix  Rc  30  140 


^-B.P.  Bardes,  "Mechanism  of  Fragmentation  of  Silico-Manganese  Steels,' 
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A  SEM  fractograph  of  the  radial  surface  of  a  fragment  from  the 
best  fragmenting  condition  of  XF-1,  is  shown  in  Figure  3.  In  this  con¬ 
dition,  the  microstructure  of  the  XF-1  consists  of  a  large  grained 
ferritic  network  with  a  coarse  pearlite  matrix.  The  fractograph  indi¬ 
cates  a  mixed  mode  of  fracture  consisting  of  both  intergranular  dimpled 
and  transgranular  cleavage  modes.  The  latter  is  well  demonstrated  by 
noting  the  river  pattern  on  the  large  facet  which  is  slightly  to  the 
right  of  center  of  the  fractograph.  This  facet  is  situated  in  an  area  corre¬ 
sponding  to  about  the  third  grain  from  the  outside  surface  of  the  cylinder. 
Note  that  the  river  pattern  is  fanning  out  from  left  to  right.  This 
indicates  that  crack  propagation,  within  this  area,  was  directed  toward 
the  outer  surface  of  the  cylinder.  The  intergranular  dimpled  mode  of 
fracture  is  exhibited  at  regions  to  the  left  and  above  the  center  of 
the  figure. 

Figure  4  is  a  fractograph  of  the  same  fragment  as  that  chosen  in 
Figure  3,  but  represents  an  area  closer  to  the  center  of  the  radial 
surface.  A  mixed  mode  of  intergranular  dimpled  and  transgranular  cleav¬ 
age  is  still  apparent.  However,  here  the  convergence  of  lines  within 
the  river  pattern  indicates  that  crack  propagation  was  directed  awry 
from  the  outside  surface  of  the  cylinder.  This  suggests  that  the  radial 
fracture  surface  resulted  from  cracks  nucleating  within  the  cylinder 
wall,  somewhere  near  the  outer  surface,  and  propagating  toward  the  inner 
and  outer  surfaces  of  the  cylinder. 

The  fracture  mode  observed  for  fragments  from  an  XF-1  cylinder 
which  exhibited  intermediate  fragmentation  performance,  was  considerably 
different  from  that  observed  in  the  case  of  the  best  fragmenting  XF-1 
material.  This  is  shown  in  Figure  5.  The  fracture  mode  observed  here 
is  predominantly  of  an  intergranular  dimpled  nature  with  the  grain 
structure  elongated.  The  dimpled  structure  is  shown  more  clearly  at 
higher  magnification  in  Figure  6.  It  should  be  noted  that  the  micrt - 
structure  of  this  material  is  quite  different  from  that  of  the  best 
fragmenting  XF-1  material,  which  probably  accounts  for  the  large  diff- 
erances  in  fracture  morphology.  In  this  case,  the  microstructure 
consists  of  a  smaller  ferrite  network  and  a  matrix  of  martensite  rather 
than  pearlite.  It  should  also  be  noted  that  none  of  the  fragments  with 
this  structure  exhibited  fracture  on  radial  surfaces. 

The  fracture  mode  that  was  observed  on  axial  and  radial  surfaces 
of  fragments  from  XF-1  cylinders  with  the  poorest  fragmentation  is  shown 
in  Figure  7.  The  fracture  i  a  mixed  mode  which  consists  of  trans- 
grarmlar  cleavagt  and  isolated  dimpled  rupture  at  prior  austenite  grain 
boundaries.  In  comparison  to  the  microstructure  of  the  best  XF-1,  this 
structure  consists  of  a  finer  ferrite  network  and  a  finer  pearlite 
matrix. 


Nj.  =  398 


Mag:  300X 


Figure  3.  XF-1:  Large  Grained  Ferrite  Network  and 

Coarse  Pearlite  Matrix,  Radial  Surface 


=  398  Mag:  300X 

Figure  4.  XF-1:  Large  Grained  Ferrite  Network  and 

Coarse  Pearlite  Matrix  (Same  fragment  as 
Figure  3,  but  an  area  closer  to  the  center 
of  the  radial  surface.) 


Mag:  300X 


*%  =  256 

Figure  5.  XF-1:  Ferrite  Network  and  Moderately  Tempered 

Martensite  Matrix,  Axial  Surface 


=  256  Mag:  3000X 

Figure  6.  XF-1:  Ferrite  Network  and  Moderately  Tempered 

Martensite  Matrix  (Same  as  Figure  5,  but 
higher  magnification.) 


SEM  of  HF-1  Steel 


The  microstructure,  hardness,  and  fragmentation  performance  of 
four  selected  conditions  of  HF-1  examined  in  this  study  are  given  in 
Table  II.  Two  of  these  exhibited  superior  fragmentation  performance. 

As  with  XF-1,  the  fragmentation  performance  is  shown  as  and  repre¬ 
sents  an  average  of  three  tests.  The  differences  in  fracture  modes  of 
HF-1  as  affected  by  differences  in  metallurgical  structure  are  discussed 
below. 


A  typical  radial  fracture  surface  that  was  observed  on  fragments 
from  one  of  the  superior  fragmenting  conditions  (a  carbide  network  and 
lightly  tempered  martensite  matrix  microstructure)  is  shown  in  Figures 
8  and  9.  The  fractographs  indicate  that  intergranular  separation  was  the 
only  operable  mode  of  fracture. 


Table  II. 

Fragmentation  Performance  of  HF-1  Steel  Cylinders  With 
Selected  Microstructures 


Structure 

Hardness 

Caroide  network  and  lightly 
tempered  martensite  matrix 

Rc  44 

468 

Carbide  network  and  fine 
pearlite  matrix 

Rc  30 

458 

Spheroidized 

Rc  26 

279 

Homogenized  at  2200°  F,then 
heat  treated  to  produce  random 
carbides  and  patches  of  pearlite 

Rc  30 

193 

The  fracture  morphology  that  was  observed  most  generally  on  both 
radial  and  axial  surfaces  of  fragments  from  the  other  superior  condition 
(a  carbide  network  and  fine  pearlite  network)  is  shown  in  Figure  10. 

This  fractograph,  taken  from  an  axial  surface,  indicates  predominantly 
an  intergranular  separation  mode  similar  to  that  observed  for  the 
structure  with  a  martensite  matrix.  However,  a  secondary  cracking,  which 
was  found  more  frequently  on  axial  surfaces  than  on  radial  surfaces,  is 
also  shown.  The  major  components  of  these  cracks  appear  to  be  radially 
directed.  In  addition  to  intergranular  separation,  some  tendency  for 
transgranular  cleavage  was  also  observed  for  this  structure.  This  is 
shown  in  Figure  11.  Areas  of  cleavage  can  be  seen  quite  readily  at  the 


upper  right  and  lower  left  hand  comers  of  the  figure.  Note  the  flat 
facets  and  river  patterns  at  these  areas. 

The  fracture  mode  observed  on  both  radial  and  axial  surfaces  of 
fragments  with  a  spheroidized  micros tructure  which  provides  intermediate 
fragmentation  performance  is  shorn  in  Figures  12  and  13.  Fracture 
appears  to  be  composed  of  a  mixed  mode  of  dimpled  rupture  and  trans- 
granular  cleavage.  Both  modes  occurred  on  a  very  fine  scale  and  the 
river  patterns  on  the  cleavage  facets  were  not  well  defined.  This  is 
especially  evident  in  Figure  13 .  The  radial  surfaces  of  fragments  in 
the  spheroidized  condition  were  quite  rough  as  compared  to  the  frag¬ 
ments  with  a  carbide  network  previously  described. 

The  poorest  fragmenting  condition  noted  for  HF-1  was  represented 
by  a  structure  consisting  of  random  carbides  and  patches  of  pearlite. 

A  mixed  mode  of  fracture,  composed  of  transgranular  cleavage  and  trans- 
granular  dimpled  rupture,  was  observed  on  radial  surfaces  of  fragments 
from  cylinders  in  this  condition.  This  is  shown  in  Figure  14.  The 
dimpled  rupture  in  some  areas  occurred  on  a  very  fine  scale  as  is  shown 
in  Figure  15.  The  radial  fracture  surfaces  of  fragments  in  this  group 
were  extremely  rough  in  texture  as  compared  to  those  of  the  fragments 
from  the  best  fragmenting  cylinders. 


SEM  of  Fracture  Surfaces  Adjacent  to  Inner  Walls  of  Cylinders 


In  the  course  of  these  studies,  there  was  one  common  topographical 
feature  observed  in  both  alloys,  regardless  of  whether  the  microstructure 
provided  good  or  poor  fragmentation.  This  feature  was  found  on  essen¬ 
tially  all  longitudinal  fracture  surfaces  adjacent  to  and  oriented  at 
approximately  45°  to  the  inner  wall  of  the  cylinder;  that  is,  on  fracture 
surfaces  which  were  coincident  with  planes  of  maximum  shear  in  an  ex¬ 
panding  cylinder.  Macroscopically ,  these  surfaces  appeared  planar, 
quite  smooth,  and  highly  reflective. 

Figures  16  and  17  are  typical  high  magnification  fractographs  of 
these  shear-oriented  planar  surfaces.  The  topography  is  essentially 
featureless  with  the  exception  of  appearing  somewhat  smeared;  that  is, 
no  distinct  failure  mode  such  as  intergranular  failure,  cleavage,  or 
dimpled  rupture  could  be  identified  in  these  regions. 


Mag:  1000X 

htly  Tempered 
ace  (Same  as 
tion .) 


Figure  10.  HF-1:  Carbide  Network  and  Fine  Pearlite 

Matrix,  Axial  Surface 


Mag:  1000X 

Figure  11.  HF-1:  Carbide  Netvjork  and  Fine  Pearlite 

Matrix,  Axial  Surface  (Same  as  Figure  10 
but  higher  magnification.) 


Mag:  3000X 


N  \j  =  174  Mag:  1000X 

Figure  14.  HF-1:  Homogenized  at  2200°  F;  Then  Heat-treated  to 

Produce  Random  Carbides  and  Pearlite;  Radial  Surface 


N%  ~  174  Mag:  3000X 

Figure  15.  HF-1:  Homogenized  at  2200°  F;  Then  Heat-treated  to 

Produce  Random  Carbides  and  Pearlite;  Radial  Surface 
(Same  as  Figure  14,  but  higher  magnification.) 
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^  Mag:  100X 

Figure  16.  HF-1:  Partial  Carbide  Network  and  Spheroids 

in  a  Well  Tempered  Martensite  Matrix,  Shear 
Surface 
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=  232  Mag:  1000X 

Figure  17,  HF-1:  Partial  Carbide  Network  and  Spheroids  in  a 

Well  Tempered  Martensite  Matrix,  Shear  Surface 
(Same  as  Figure  16,  but  higher  magnification.) 
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DISCUSSION 


SEM  of  XF-1  Steel 


The  most  important  features  which  were  observed  on  XF-1  steel  by 
SEM  were: 

1.  All  three  structures  examined  contained  a  ferrite  network  but 
exhibited  quite  different  fracture  modes.  It  is  inferred  from  this 
that  a  ferrite  network  does  not  play  a  significant  role  in  promoting 
dynamic  brittle  behavior. 

2.  Transgranular  cleavage  occurred  in  the  two  structures  which 
contained  pearlite;  in  both  cases  intergranular  dimpled  rupture  accom¬ 
panied  the  cleavage  mode . 

3.  The  cracks  which  promote  radial  fracture,  at  least  in  the 
coarse  pearlite  structure,  are  nucleated  within  the  cylinder  wall  close 
to  the  outer  surface  of  the  cylinder. 

In  attempting  to  relate  some  of  the  above  observations  with  the 
fragmentation  performance  of  the  steels  shown  in  Table  I,  some  incon¬ 
sistencies  became  apparent.  For  example,  the  two  structures  which 
contained  pearlite  failed  on  radial  surfaces  predominantly  by  brittle 
transgranular  cleavage.  However,  one  of  them  exhibited  the  best  frag¬ 
mentation  performance  and  the  other  exhibited  the  worst  fragmentation 
performance.  In  contrast  to  this,  a  brittle  mode  was  conspicuously 
absent  in  the  structure  which  exhibited  intermediate  fragmentation 
performance.  This  structure  contained  tempered  martensite  and  an 
intergranular  dimpled  rupture  was  observed  along  shear  directions; 
radial  fracture  surfaces  were  not  produced. 

The  fact  that  in  studies  of  XF-1,  a  coarse  pearlite  matrix  was 
found  to  produce  the  optimum  fragmenting  condition  is  consistent  with 
previous  studies  on  PR-2^  and  on  AISI  9255^  For  PR-2,  it  was  found 
that  a  coarse  pearlite  structure  provided  superior  fragmentation  to  a 
normalized  or  to  a  quenched  and  tempered  martensite  structure.  For 
AISI  9255,  it  was  also  found  that  a  coarse  pearlite  microstructure 
fragmented  better  than  the  same  composition  with  a  fine  pearlite 
microstructure . 


2p.V.  Riffin,  "Progress  Report  on  High-Silicon  Steels  for  Fragmentation, 
AMMRC,  April  1968. 

%.V.  Riffin  and  E.  N.  Kinas,  "Fragmentation  Behavior  of  Silicon  Steel 
AISI  9255  Under  Explosive  Loading,"  Report  PL  67-04,  AMMRC,  Sep  1967. 
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The  most  important  features  which  were  observed  on  HF-1  steel  by 
SEM  were: 

1.  Intergranular  separation  occurred  only  in  structures  which 
contained  a  carbide  network.  Therefore,  contrary  to  the  insignificant 
role  of  the  ferrite  network  in  XF-1,  a  carbide  network  in  HF-1  is  an 
important  factor  in  promoting  a  brittle  intergranular  separation  mode. 

2.  Transgranular  cleavage  also  occurred  in  structures  of  HF-1 
which  contained  pearlite,  but  not  to  the  same  extent  as  in  pearlite 
structures  of  XF-1. 

3.  Ductile  dimpled  rupture  was  observed  in  both  the  spheroidized 
and  homogenized  structures.  This  mode  was  not  found  in  the  structures 
with  a  carbide  network.  The  dimples  probably  nucleate  at  the  random 
carbides  in  the  spheroidized  and  homogenized  microstructures. 

The  results  of  the  fractographic  study  on  HF-1  are  consistent 
with  the  fragmentation  data  shown  in  Table  II.  It  was  observed  that 
only  the  two  structures  containing  a  carbide  network  exhibited  com¬ 
pletely  brittle  fracture  modes  on  radial  surfaces.  These  structures 
had  superior  fragmentation  characteristics.  In  the  structure  with  a 
lightly  tempered  martensite  matrix,  the  brittle  mode  was  entirely 
intergranular  separation.  In  the  other  structure  with  a  fine  pear. ite 
matrix,  brittle  fracture  occurred  by  a  mixed  mode  consisting  of  tra.is- 
granular  cleavage  as  well  as  intergranular  separation. 

These  results  suggest  that  in  the  case  of  HF-1,  dynamic  brittle 
failure  on  radial  surfaces  can  occur  by  two  mechanisms  which  will  be 
dependent  on  the  matrix  constituent  as  well  as  the  grain  boundary 
constituent.  For  example,  in  a  structure  with  a  brittle  grain  boundary 
carbide  network  and  a  hard  rigid  martensite  matrix,  intergranular  sep¬ 
aration  should  be  the  dominant  fracture  mode.  For  this  structure  it 
is  assumed  that  crack  nucleation  occurs  within  the  brittle  carbide 
network.  Crack  propagation  then  proceeds  along  the  carbide  network 
because  its  resistance  to  propagation  is  relatively  poor  as  compared 
to  the  resistance  of  the  martensite  matrix.  The  latter,  because  of 
its  high  strength  and  toughness,  is  extremely  difficult  to  plastically 
deform  or  to  cleave.  On  the  other  hand,  in  a  structure  with  a  brittle 
grain  boundary  constituent  and  a  relatively  soft  and  less  tough  matrix, 
such  as  pearlite,  intergranular  separation  can  be  accompanied  by  a 
cleavage  mode  because  pearlite  is  relatively  easy  to  cleave.  The 
factor  which  determines  which  mode  will  occur  at  a  given  time  is  the 
relative  orientation  of  the  grain  boundary  (carbide)  and  the  cleavage 
plane  (pearlite)  with  respect  to  the  major  component  of  the  tensile 
stress . 
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SEM  of  Fracture  Surfaces  Adjacent  to  Inner  Walls  of  Cylinders 


The  shear-oriented  fractures  produced  adjacent  to  the  inner  wall 
of  each  cylinder  are  apparently  both  composition  and  structure-insensi¬ 
tive  for  the  steels  used  in  this  study.  The  fractographically  smeared 
appearance  of  these  surfaces  is  nondescriptive  in  terms  of  readily 
identifiable  fracture  modes.  It  is  suggested  that  this  essentially 
featureless  topography  could  result  from  adiabatic  shearing^ >5 >6  during 
dynamic  straining  of  the  cylinder.  An  extremely  large  amount  of  plastic 
deformation  can  occur  at  the  high  temperatures  experienced  in  an 
adiabatic  shear  zone,  and  could  seemingly  account  for  the  smeared  cond¬ 
ition  of  a  fracture  surface  through  that  zone.  This  extreme  plastic 
shear  state  initiates  at  the  inner  wall  of  the  cylinder  and  propagates 
toward  the  outer  surface  along  planes  of  maximum  shear. 

For  cylinders  which  experienced  radial  fracture,  it  is  assumed 
that  the  adiabatic  shear  zones  and  inward -moving  radial  cracks  prop¬ 
agated  concurrently,  and  that  ultimate  fracture  occurred  as  a  result 
of  their  interaction. 


CON  CLUS  IONS 


1.  It  has  been  demonstrated  that  SEM  is  well  suited  for  studies 
of  fracture  surfaces  produced  by  explosive  loading. 

2.  The  direct  identification  of  microscopic  fracture  modes  by 
SEM  permits  a  less  ambiguous  association  of  these  features  with  metal¬ 
lurgical  structure  than  does  optical  metallography.  The  crack  nuclei 
and  fracture  paths  revealed  in  this  work  would,  at  best,  be  only  im¬ 
plied  by  optical  metallography. 

3.  In  both  the  XF-1  and  the  HF-1  structures  which  exhibited  the 
best  fragmentation  performance,  radial  fracture  resulted  primarily 
from  a  brittle  mode  of  failure. 

4.  Brittle  failure  is  a  necessary,  but  not  a  sufficient,  cond¬ 
ition  for  superior  fragmentation.  That  is,  all  of  the  structures 
which  fragmented  well  exhibited  brittle  failure,  but  all  the  structures 

»—  I—  —  -w-  —  —  I  ■*»— »  m  . . .  1  ■■■!■■  '  —  -  1  ■  '  ■  '■  — ■  '  ■  »| 

4c.  Zener  and  J.  K.  Roliomen,  "Effect  of  Strain  Rate  Upon  Plastic  Flow 
of  Steel.,"  J.  Appl .  Phys.  15,  22  (1944). 

5t.  A.  Read,  H.  Marcus,  and  J.M.  McCaughey,  "Plastic  Flow  and  Rupture  of 
Steel  at  High  Hardness  Levels,"  Fracturing  of  Metals.  ASM,  p.228  (1948)  . 
6r.  F.  Recht,  "Catastrophic  Thermoplastic  Shear,"  J.  Appl.  Mech  31,  189 
(1964). 
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which  exhibited  brittle  failure  did  not  necessarily  fragment  well. 

5.  Shear  oriented  fracture  surfaces  are  ir variably  formed  adja¬ 
cent  to  the  inner  surfaces  of  cylinders.  Their  topography  suggests  an 
association  with  adiabatic  shearing. 


RECOMMENDATIONS 


It  is  recommended  that  additional  studies,  utilizing  SEM,  be 
conducted  to  correlate  fracture  mode  and  microstructure  with  frag¬ 
mentation.  It  could  be  expected  that  such  studies  would  provide  a  means 
of  identifying  the  important  parameters  relating  metallurgical  structure 
with  fragmentation  performance . 
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